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2are some semi-inclusive data [11] which could be sensi-
tive to the light antiquark avor asymmetry, they are
not accurate enough to provide strong constraint for the
polarized antiquark avor asymmetry [10, 11]. However,
the Relativistic Heavy Ion Collider (RHIC) [12] and the
CommonMuon and Proton Apparatus for Structure and
Spectroscopy (COMPASS) [13] experiments should clar-
ify the details of the polarized antiquark distributions in
a few years. It is the right time to investigate the anti-
quark avor asymmetry u=

d by possible theoretical
models and to summarize various predictions.
In this paper, we intend to shed light on the virtual
meson model which has been successful in the unpolar-
ized studies [14]. The purpose of this paper is to extend
the studies of the virtual -meson contributions by Fries
and Schafer in Ref. [7]. In particular, we point out that
the g
2
part of the polarized  contributes to the polarized
avor asymmetry in addition to the ordinary longitudi-
nal part, which was calculated in Ref. [7]. Because we
show new g
2
terms in this paper and because the situa-
tion is still confusing in the sense that another -meson
paper [8] claims major dierences from Ref. [7] in sup-
posedly the same  contributions, the detailed formalism
is shown in the following sections. The meson model was
extended recently to a dierent direction in Ref. [8] by
including     interference terms; however, this paper
is intended to investigate a dierent kinematical aspect
within the meson model.
The paper consists of the following. The formalism
of  contributions to u   

d is presented in Sec. II.
Meson momentum distributions are obtained in Sec. III,
and numerical results of u 

d are shown in Sec. IV.
Our studies are summarized in Sec. V.
II. VECTOR-MESON CONTRIBUTIONS
The cross section of polarized electron-nucleon scat-






















































, and q are initial electron, nal electron, nucleon,
and virtual photon momenta, respectively. The electron




















= +1 is used



































are their masses. The












































































where the factor "











FIG. 1: Virtual vector-meson contribution.
Next, we consider the process in Fig. 1, where the
nucleon splits into a virtual vector meson and a baryon,
then the virtual photon interacts with the polarized me-
son. Because scalar mesons do not contribute directly to
the polarized structure functions due to spinless nature,
the lightest vector meson, namely , is taken into ac-
count in this paper. In future, we may extend the present
studies by including heavier vector mesons. As the nal
state baryon, the nucleon and  are considered. Express-













) and calculating the cross
































































(k + q   p
X
): (2.4)
Here, k and s
V
indicate the meson momentum and spin.
This equation has the same form as Eq. (2.1). Therefore,
the last part is identied with a vector-meson contribu-
























































(k + q   p
X
)









In this way, the vector-meson contribution to the nu-
cleon tensor is expressed in terms of the V NB vertex
and the meson tensor. Because we are interested in me-
son eects on the polarized parton distributions in the
nucleon, we try to project the g
1
part out from the nu-























































































































functions of the vector meson are dened in the asym-
metric part of the tensor. Operating the projection also









































































From Eqs. (2.5), (2.9), and (2.11), the meson contri-


























































(k; q) ]: (2.14)










changed for the meson momentum fraction y, the trans-
verse momentum k
?














































































The upper limit of the y-integration range is taken as 1 by
considering the vector-meson mass smaller than the nu-
cleon mass. However, one should be careful in extending
the present studies to other mesons with larger masses.



















































is the longitudinal momentum fraction dened











In the innite momentum frame j~p
N



































Because time-ordered perturbation theory is used for the
reaction in Fig. 1 as explained in Sec. III, the vector






above derivation. The partial derivative @y
0
=@y can be
calculated from this expression. In the innite momen-
tum frame, the momentum fraction y
0
has to satisfy the
kinematical condition 0  y
0
 1, namely the meson V
4and the baryon B should move in the forward direction.



































! 1 in Eq. (2.17) at small-x where the anti-














) is beyond the vertex momentum
cuto region discussed in Sec. III. The contribution to












= 1 is extremely








!1 in the limit Q
2
!1, and it is consistent
with the previous publications [7, 8]. In this way, the
meson contribution is expressed in terms of the meson
structure functions convoluted with the meson momen-
tum distributions in the nucleon.



















































































in the limit j~p
N
j ! 1. Detailed calculations indicate
that  dependence can be extracted out from another

















































































dependence is explicitly denoted in meson mo-





































































































































































, they vanish in the limit Q
2
! 1. As it
is obvious from Eq. (2.16), it is necessary to consider
both longitudinal and transverse polarizations for the nu-
cleon in order to extract the g
1
part. In addition, the g
2





(y) is the ordinary meson momentum distribu-
tion with the momentum fraction y in the longitudinally




(y) is the distribu-









(y) are the distributions associated
with g
2
of the vector meson. Expressing Eq. (2.16) in



































































































































where the functions f
V N
i
(y) with i=1L, 2L, 1T , and


































































! 0, only the momen-
tum distribution f
1L
(y) remains nite, and Eq. (2.30)
agrees with the expression in Ref. [7].
In Eq. (2.30), there are additional terms associ-
ated with g
2
of the meson. For discussing these g
2



























































































equations, we obtain a vector meson contribution to the
polarized antiquark distribution q
i














































If this kind of vector-meson contribution is the only
source for the polarized avor asymmetry, the u 

d







in the above equation.
III. MESON MOMENTUM DISTRIBUTIONS
In order to estimate the meson contributions numeri-




(y) of the meson. We calculate them by con-
sidering the vector-meson creation processes N ! V N
0


































































































Rarita-Schwinger spinor, and "

is the polarization vec-
tor of the vector meson. The V NN and V N coupling




















and it is dened in terms of a reduced matrix element





































6 and < 3=2 k
b





denote isospins of the nucleon and the






From these vertices, the meson momentum distribu-
tion f
M
(y) can be calculated together with the baryon
distribution f
B





(1 y) because of charge and momentum
conservations. However, it is known that the covariant
calculation could violate this relation because a deriva-
tive coupling introduces o-shell dependence. A possible
solution [18, 19] is to use the time-ordered perturbation
theory (TOPT), instead of the covariant formalism. Al-
though the four-momentum conservation is satised at
the V NB vertex in the covariant formalism, the energy
is not conserved in the TOPT [20]. If there is no o-shell
dependence at a vertex, the TOPT agrees certainly with
the ordinary covariant theory by collecting all the time-
ordered diagrams. However, the o-shell dependence due
to the derivative coupling complicates the problem. It
leads to a freedom in dening the vertex momentum
b
K
in Eqs. (3.1) and (3.2). The following two possibilities
are considered in Refs. [7, 18]:
(A)
b





























. There is another o-shell de-
pendence from the vertex form factors, and it is discussed
in Sec. IV.






























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































part of , the Wandzura-Wilczek relation is






















Both the valence-quark distribution and the WW distri-
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FIG. 6: Assumed polarized valence-quark distribution in the









































T j p> j
2
= 1 : (4.5)








































































































; i=1, 2: (4.8)
The expression of Eq. (4.6) may seem to be dierent
from Refs. [7, 8] even in the limitQ
2
!1; however, it is
just the matter of the denition of the meson momentum



















T j p> j
2
= 3 ; (4.9)




































T j p> j
2
= 2 (4.10)
for the N. Therefore, our expression certainly agrees
on those in Refs. [7, 8] at Q
2
!1.
The remaining quantities are the vertex form factors.
They are roughly known from the studies of one-boson-
exchange potentials (OBEPs); however, a slight change
of the cuto parameter could result in a large dierence of
antiquark distributions. Furthermore, there is an issue of
the charge and momentumconservations for the splitting






) dependent form factor is
used. A possible solution is to use the t dependent form
factor multiplied by a u dependent one [25]. For this
purpose, it is more convenient to take an exponential
form factor so as to become the additional form t + u





















is dened in Eq. (3.15), and the cuto
parameter 
e
is taken as 
e
=1 GeV in the following
numerical results. In Ref. [18], the cuto parameters








ever, the parameters are not well determined in general.
We discuss the dependence on this cuto value at the
end of this section. The form factors are the same as the
ones in the previous publications [7, 8], so that we could
compare our results with theirs.
Using these form factors and the parton distributions
in , we obtain the NN and N process contributions
to the u   

d in the nucleon. In Fig. 7, the 1L, 2L,





together with their total. The ordi-
nary 1L term is the dominant contribution; however, the
2L term becomes important at x > 0:3. It is as large as
the 1L distribution in the medium x region although it is
fairly small at x < 0:05. The 1T and 2T distributions are
very small in the whole x range. Because p! 
+
n is the





plays the main role, the NN contributions
are negative in the u 
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































In spite of their claim, we believe that the FS results
are right with the following reasons. We also checked
the helicity amplitudes in Ref. [18], which is referred
to as Julich in the following. In addition to obvious ty-
pos, our results dier from the Julich expressions. First,
complex conjugate should be taken if their expressions
are given for the process N ! B as indicated in their
appendix. Second, f
v
terms have dierent sign. If the
Julich amplitudes were written for N! B or B ! N ,
we would agree on their expressions. Depending on the 
momentum direction, the f
v
term in Eq. (3.1) becomes
either positive or negative, which could lead to the dif-




terms. However, it is obvious that
the outgoing meson is considered in the formalism. Fur-
thermore, taking summations of the helicity amplitudes,
we reproduce the unpolarized momentum distributions
of Melnitchouk and Thomas [19, 28], whereas the CS re-
sults are inconsistent. The V NN vertex in Eq. (3.1) is
also consistent with the one in Ref. [29].
We also tested N helicity amplitudes in the vertex
momentum (B), but the results disagree on the Julich
expressions. However, if the momentum (A) is used, our
results agree on them. It seems to us that the helicity
amplitudes are shown for the choice (B) in NN and
for (A) in N. Therefore, as far as we investigated,
we believe that the FS calculations are right also for the
N process.
In the following, we show the helicity dependent meson
momentum distributions. Because the distributions with

V
= 0 are irrelevant for calculating f(y), so that they





































































































































































































































































































































































































































































































































































In the V N process, the distributions are calculated





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































The longitudinal distributions agree on the FS results
in the limit Q
2














Ref. [7]. It is possibly a misprint [28].
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